We have previously shown that a single application of the growth factors ciliary 28 neurotrophic factor (CNTF) or fibroblast growth factor 2 (FGF-2) to the crushed optic nerve of 29 the frog, Rana pipiens, increases the numbers and elongation rate of regenerating retinal 30 ganglion cell axons. Here we investigate the effects of these factors on the numbers and types 31 of macrophages that invade the regeneration zone. In control PBS-treated nerves, many 32 macrophage-like cells are present 100 μm distal to the crush site at 1 week after injury; their 33 numbers halve by 2 weeks. A single application of CNTF at the time of injury triples the 34 numbers of macrophages at 1 week, with this increase compared to control being maintained at 35 2 weeks. Application of FGF-2 is equally effective at 1 week, but the macrophage numbers have 36 fallen to control levels at 2 weeks. Immunostaining with a pan-macrophage marker, ED1, and a 37 marker for M2-like macrophages, Arg-1, showed that the proportion of the putative M2 38 phenotype remained at approximately 80% with all treatments. Electron microscopy of the 39 macrophage-like cells at 1 week shows strong phagocytic activity with all treatments, with many 40 vacuoles containing axon fragments and membrane debris. At 2 weeks with PBS or FGF-2 41 treatment the remaining macrophage-like cells are less phagocytically active, containing mainly 42 lipid inclusions. With CNTF treatment, at 2 weeks many of the more numerous macrophages 43 are still phagocytosing axonal debris, although they also contain lipid inclusions. We conclude 44 that the increase in macrophage influx seen after growth factor application is beneficial for the 45 regenerating axons, probably due to more extensive removal of degenerating distal axons, but 46 also perhaps to secretion of growth-promoting substances. 47 48 49 3 50 Introduction 51 Central nervous system (CNS) neurons react to injury in different ways in different 52 groups of animals -for example, mammalian neurons mostly die and the remainder show poor 53 regrowth [1,2], fish CNS neurons survive and regenerate successfully [3,4], while amphibian 54 neurons show intermediate survival rates and successful regrowth [5]. Neuronal death after
7 149 in 10 mM citrate buffer (pH 6) for 10 min at 60°C. The sections were washed twice (5 min each) 150 in PBS containing 0.3% Triton X-100 + 0.5% bovine serum albumin (BSA) and incubated for 30 151 minutes in the same buffer containing 10% normal goat serum (NGS; for, ED1) or 10% normal 152 rabbit serum (NRS; for Arg1). They were then incubated with the antibodies against ED1 (1:100; (Fig 1) . We chose to focus on the region 100 μm distal to the crush site because 183 many regenerating axons have reached this point at one week [31] . Macrophage-like cells were 184 identified by their size, dark staining and granular/vacuolar appearance ( Fig 1A and C) . In PBS-185 treated controls, from 71 to105 macrophages-like cell profiles were counted in this region from 186 overlays ( Fig 1B, N=6 animals ). Because the cross-sectional area of the nerve varied somewhat 187 between preparations (0.089 -0.225 mm 2 ), this count was converted to cell density, giving a 188 mean of 644 ± 38 cells/mm 2 (N = 6, Fig 1D) . Treatment with CNTF increased macrophage-like 189 cell density 2.7-fold to 1751 ± 481 cells/mm 2 at 1 w (N = 3, Fig 1E) . Treatment with FGF-2 was 190 equally effective, increasing cell density 2.5-fold to 1591 ± 309 cells/mm 2 at 1 w (N = 3, Fig 1E) .
192
By two weeks after axotomy the numbers of macrophage-like cells in the region 100 μm 193 distal to the crush site was significantly decreased by about half in control PBS-treated animals,
194
to 294 ± 93 cells/mm 2 (N = 3, p = 0.017, homoscedastic t-test). The cell density remained 195 elevated 3-fold with CNTF treatment at 887 ± 323 cells/mm 2 (N = 4, Fig 1F) , although this was 9 196 significantly less than at 1 w (p = 0.035, homoscedastic t-test). However, cell density with FGF-2 197 treatment had fallen to control levels (342 ± 271 cells/mm 2 , N = 4, Fig 1F) . The macrophage overlays allowed the quantification of various parameters of the cell 215 profiles. We were interested to determine whether the cells became larger as a result of growth 216 factor treatment, and so measured their diameter (Feret diameter, ie. longest diameter of each 217 profile). Diameters were segregated in 10 μm bins for each preparation, then these totals were 218 expressed as a percentage of the total number of cells and averaged over the experimental 219 animals (Fig 2) . The majority (90%) of the cell profiles fell in the range of 20-40 μm (Fig 2) .
220
However, we found no significant changes in cell size as a result of growth factor treatment 10 221 (ANOVA followed by post-hoc Tukey tests), and neither were there any changes in size 222 between 1 week (Fig 2A) and 2 weeks after optic nerve injury ( Fig 2B) . [16, 22] . We were therefore interested to determine whether frog 238 macrophages could be identified as M1 or M2 and to find out whether their relative proportions 239 changed at different times after injury and growth factor treatment.
241
Longitudinal frozen sections of optic nerves were stained with two antibodies, ED1 and 242 Arg1 (Fig 3) . Counterstaining with DAPI showed that most, but not all, cells within the control,
243
PBS-treated optic nerves were ED1-positive ( Fig 3A-D) . The ED1 antibody recognizes the 244 mammalian CD68 (macrosialin in mouse) protein, which is expressed in the lysosomes of all 11 245 macrophages [33] [34] [35] . BLAST searches indicated some homology with amphibian lysosomal 246 proteins so it is possible that ED1 also labels a Rana homolog of CD68. In any case, it is clear 247 from high magnification images ( Fig 3A-B ) that ED1 does indeed stain lysosome-like structures, 248 confirming its utility as a pan-macrophage marker in amphibia.
250
The Arg1 antibody recognizes the C terminus of mammalian arginase 1, which is a 251 classical marker for pro-repair M2 macrophages [36] . A BLAST search of the likely antigenic 252 regions of this molecule showed an almost 70% identity with amphibian arginase, making it 253 likely that Arg1 stains arginase, and therefore M2-like macrophages, in Rana. We carried out 254 double immunostaining of optic nerve sections using Arg1 along with ED1 to determine how the 255 relative proportion of putative M2 macrophages changed after injury and growth factor treatment 256 ( Fig 3) . In fact, we found that at 1 week after injury the proportion of Arg1/ED1 macrophages 257 was approximately 80% ( Fig 3E) , and that it remained at this level at 2 weeks after injury ( Fig   258   3F ). Treatment with CNTF or FGF-2 had no effect on the relative proportions of Arg1/ED1 259 macrophages, even though the total numbers were increased (see Fig 1) . This result indicates 260 that in Rana, unlike rodents, there is a high proportion of putative M2 (pro-repair) macrophages 261 present soon after injury, and that this proportion remains unchanged for at least 2 weeks, 262 during the period when regeneration is taking place [31] . phagocytosing macrophages were present inside the optic nerve, presumably playing a role in 286 clearance of the debris (Fig 4) . Cells with large vacuoles were common, particularly in central 287 regions of the nerve (Fig 4D) . These vacuoles appeared to contain the remnants of 288 degenerating axons and myelin. Two weeks after nerve crush, there appeared to be fewer 289 macrophages in the nerve (Fig 4F, G) . Those which were present, both peripherally and 290 centrally, contained fewer vacuoles with axonal debris and more pale inclusions which were 291 likely composed of lipids, since they had no bounding membrane (Fig 4F inset) . 308 309 310 CNTF treatment increases optic nerve macrophage activity 311 One week after optic nerve injury and treatment with CNTF, large numbers of 312 macrophages were found within the optic nerve, both peripherally (Fig 5A, B) and centrally (Fig   313   5C, D) . These appeared to be highly active phagocytically, judging by the large numbers and 314 sizes of debris-containing vacuoles and residual bodies. Additionally, other cell types, such as 315 neutrophils ( Fig 5C) are also present. Compared to PBS controls, there was the appearance of 316 more macrophages with large vacuoles at the periphery of the nerve (Fig 5A, B) . Two weeks after optic nerve injury and CNTF treatment, large numbers of cells were still 330 present within the optic nerve, both peripherally (Fig 6A-C) and centrally (Fig 6D-F) . Some were 331 very large ( Fig 6D) and probably were indeed macrophages, while others were smaller in size 332 ( Fig 6E) and may represent microglia. Compared to PBS controls at this stage, the more 333 numerous cells in CNTF-treated nerves still showed signs of ongoing phagocytosis, containing 334 vacuoles with axonal debris and multilamellar myelin/membrane remnants, as well as the 335 numerous lipid inclusions seen at 2 w in PBS controls. Some of these cells also contained small 336 dark structures that resemble secretory granules (Fig 6A, D) . (Fig 7A, B) . These contained 354 vacuoles with axonal debris and lamellar residual bodies. Other types of blood cells, such as 355 eosinophils, were occasionally found (Fig 7A) . At two weeks after FGF-2 treatment, fewer 356 macrophages were present in the optic nerve, similar to controls. Those that were found were 357 large, contained numerous lipid inclusions (see above) ( Fig 7C-E) , and some had residual 358 bodies and dark (possibly secretory) granules ( Fig 7D) . 
389
We found that application of CNTF to the lesion doubled the number of macrophages in 390 the nerve without affecting their size distribution, and that this effect persisted for 2 weeks after 391 injury, long after the CNTF itself would had disappeared. There are few studies which have 392 investigated the possibility of such a chemoattractive effect in vivo, although in the rat eye CNTF 393 injection does increase the recruitment of blood-derived macrophages [43] . In addition, CNTF 394 elicits concentration-dependent chemotaxis of macrophages in vitro [44] . We also found that 395 FGF-2 application increased the number of macrophages in the nerve, but the effect was 396 temporary, and had disappeared by 2 weeks after injury. There are no comparable studies of 397 FGF-2 on macrophages in other systems, however it has been shown that it increases the 398 migration and survival of tumor-associated macrophages [45] . On the contrary, however, there 399 appears to be increased macrophage activity after sciatic nerve injury in FGF-2-knockout mice 400 [46] .
402
In our previous study we investigated the effect of a single application of growth factor to 403 the injury site on regenerating axons at 2 weeks after injury [31] . We showed that axon speed 404 was increased 138% by CNTF and 63% by FGF-2, while axon numbers were increased 72% by 405 FGF-2 and 52% by CNTF [31] . These prolonged effects must have far outlasted the immediate 406 actions of the factors themselves and presumably resulted from longer-term changes in the 407 axonal microenvironment. In the present study we investigate one such change, i.e. the 408 increase in macrophages, and show that both CNTF and FGF-2 greatly increase the numbers of 409 these cells, but only at 1 week after injury. The timing of these events suggests a causative 410 effect -increased numbers of macrophages results in an enhancement of axonal growth.
411
However, we need to test this hypothesis by inhibition of macrophages, and this will be the 412 focus of a future study.
414
By what means do the macrophages enhance axonal regrowth? One obvious answer 415 from our electron microscope observations is that they phagocytose the distal stumps of 416 severed axons, thus removing a physical impediment to axonal elongation, which otherwise 417 could remain in place for up to 3 months after axotomy [47] . Another possibility is that 418 phagocytosis removes an inhibitory chemical barrier in the myelin, as in the mammalian CNS 419 [48] . However, Xenopus optic tract myelin is not inhibitory to axonal extension (unlike that from 18 420 the spinal cord) [49] , despite both expressing an ortholog of Nogo [50] . It is more likely that, as in 421 fish [3, 51, 52] , the relatively few frog oligodendrocytes and their myelin are not inhibitory. 
450
Using double immunostaining of a putative pan-macrophage marker (ED1) along with an 451 antibody against arginase (Arg1), we found that the majority (80%) of macrophages that entered 452 the crushed frog optic nerve were Arg1+, and therefore presumably of the M2 phenotype.
454
Application of CNTF or FGF-2 greatly increased the overall macrophage numbers 455 without altering the proportion of M2-like cells. Since we have shown previously that both CNTF 456 and FGF-2 increase the numbers and speed of axons that are regenerating through the frog 457 nerve [31] it is clear that the increased presence of M2-type macrophages is entirely consistent 458 with them having a beneficial effect on axonal regrowth, similar to that proposed in rat [22] .
460
Phagocytosis is, by definition, the morphological hallmark of the macrophage; however, 461 it is not clear from the literature whether macrophage polarization is related to phagocytic 462 activity. M1 macrophages in wounds have been described as highly phagocytic, in contrast to 463 the M2 phenotype which accelerate wound closure [60] . On the other hand, in recent in vitro 464 assays, it was shown that macrophages activated by IL-4 or IL-10 (equivalent to M2) showed 465 higher levels of phagocytic activity compared to those activated by IFN- (equivalent to M1) 466 [61, 62] . Our electron microscope results clearly show intense phagocytic activity in all of the 467 macrophages that we examined, particularly at 1 week after axotomy, with or without growth 468 factor treatment. Since we estimate that 80% of frog macrophages are Arg1-positive, and thus 469 correspond to the M2 subtype, our results support the idea that M2 macrophages in vivo are 470 phagocytically active, and that this activity is beneficial for axonal regrowth.
20 472
Our current work shows that the macrophage population in the frog optic nerve is more 473 diverse than previously thought. This system, in which the optic nerve can regenerate, provides 474 a good model to further study the roles of these populations in modulating axonal regeneration 475 and ganglion cell survival. 
